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Citrus tristeza virus (CTV), a member of the Closteroviridae, has an ;20-kb positive-sense RNA genome with two 59 ORFs
translated from the genomic RNA and 10 39 genes expressed via nine or ten 39-terminal subgenomic (sg) RNAs. The
expression of the 39 genes appears to have properties intermediate between the smaller viruses of the “alphavirus
supergroup” and the larger viruses of the Coronaviridae. The sgRNAs are contiguous with the genome, without a common
59 leader, and are associated with large amounts of complementary sgRNAs. Production of the different sgRNAs is regulated
temporally and quantitatively, with the highly expressed genes having noncoding regions (NCR) 59 of the ORFs. The cis-acting
elements that control the highly expressed major coat protein (CP) gene and the intermediately expressed minor coat protein
(CPm) gene were mapped and compared. Mutational analysis showed that the CP sgRNA controller element mapped within
nts 247 to 25 upstream of the transcription start site, entirely within the NCR, while the CPm control region mapped within
a 57 nt sequence within the upstream ORF. Although both regions were predicted to fold into two stem-loop structures,
mutagenesis suggested that primary structure might be more important than the secondary structure. Because each
controller element produced large amounts of 39-terminal positive- and negative-stranded sgRNAs, we could not differentiate
whether the cis-acting element functioned as a promoter or terminator, or both. Reversal of the control element unexpectedly
produced large amounts of a negative-stranded sgRNA apparently by termination of negative-stranded genomic RNA
synthesis. Further examination of controller elements in their native orientation showed normal production of abundant
amounts of positive-stranded sgRNAs extending to near the 59-terminus, corresponding to termination at each controller
element. Thus, each controller element produced three sgRNAs, a 59-terminal positive strand and both positive- and
negative-stranded 39-terminal RNAs. Therefore, theoretically CTV could produce 30–33 species of RNAs in infected cells.
© 2001 Academic Press
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Large eukaryotic positive-stranded RNA viruses have
polycistronic RNAs functioning in an environment de-
signed to accommodate monocistronic mRNAs. These
viruses employ diverse adaptive strategies to express
their genomes in their hosts, including the processing of
large polyproteins into functional units, production of
subgenomic RNAs (sgRNAs) to serve as messengers for
specific genes, and frameshifts or readthrough of stop
codons to down-regulate production of a carboxyl-termi-
nal domain. The polyprotein strategy requires equimolar
production of all final gene products. Thus, the need for
large amounts of any proteins, for example capsid pro-
teins, results in production of equally large amounts of all
proteins. In contrast, production of sgRNAs is a strategy
that allows independent regulation of timing and
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134amounts of different gene products. In regulation of the
timing and amounts of sgRNA synthesis, are different
promoters recognized differently by the replicase com-
plex? The promoters of several viruses with more than
one sgRNA promoter appear to be structurally different
(Koev et al., 1999; Koev and Miller, 2000; Grdzelishvili et
al., 2000). As larger RNA viruses are considered, the
complexities of genomic replication and transcription of
sgRNAs appear to increase. The large animal RNA vi-
ruses, Coronaviridae and Arteriviridae of the Nidovirales,
ave 6–7 genes expressed through sgRNAs, whereas
embers of the Closteroviridae have 6–11 genes ex-
ressed in this manner. How do viruses with large num-
ers of sgRNAs regulate the transcription of these genes
nd also efficiently replicate their genomes? Do the con-
rol elements for sgRNAs differentially interact with the
ranscription machinery and regulate both temporal and
uantitative expression of genes? What determines
hether the replicase complex is able to traverse the
ntire template to produce progeny RNA or to initiate
gRNA synthesis? Are the same templates used for both
eplication and transcription?
3
t
h
d
t
p
s
s
v
J
Z
1
v
b
R
a
a
(
S
i
O
t
o
a
w
a
d
b
p
D
s
c
a
s
t
135CTV sgRNA CONTROLLER ELEMENTS PRODUCE sgRNAsCitrus tristeza virus (CTV) of the Closteroviridae has a
positive-stranded RNA genome of ;20 kb organized into
12 open reading frames (ORFs) (Pappu et al., 1994;
Karasev et al., 1995). The 59 proximal ORF 1a encodes a
49-kDa polyprotein, which includes two papain-like pro-
ease domains, a methyltransferase-like domain, and a
elicase-like domain. ORF 1b, which encodes an RNA-
ependent RNA polymerase-like domain, is thought to be
ranslated by a 11 frameshift. Ten 39 genes are ex-
ressed through 39-coterminal sgRNAs (Hilf et al., 1995).
CTV has properties intermediate between those of the
larger Coronaviridae and Arteriviridae and the smaller
viruses of the “alphavirus supergroup.” CTV produces an
unusually large “replicase” polyprotein with large inter-
domain regions, extends to the polymerase domain via a
frameshift, and has a large number of 39 genes ex-
pressed by sgRNAs, and the mRNAs are associated with
large amounts of corresponding negative strands, simi-
lar to the Coronaviridae (de Vries et al., 1997). They also
contain a common leader RNA in the 59 of the genomic
and all sgRNAs which is not added posttranscriptionally
(Baric et al., 1983). In contrast, CTV mRNAs do not pos-
sess the common leader sequence from the 59 terminus
of the genomic RNA. Instead, the mRNA sequences are
contiguous with the genomic RNA from internal sites to
the 39 terminus (Karasev et al., 1997), similar to those of
the alphavirus supergroup and the Toroviruses (Snijder
and Horzinek, 1993) and Gill-associated virus (Cowley et
al., 2000) of the Nidovirales.
The production of the 10 sgRNAs of CTV are regulated
both temporally and quantitatively (Navas-Castillo et al.,
1997). The sgRNA of the 39-most gene, which produces
the p23 RNA-binding protein (Lo´pez et al., 2000), is pro-
duced early (Navas-Castillo et al., 1997). The two 39-most
sgRNAs, corresponding to the p20 and p23 genes, ac-
cumulate to the highest levels, with that of the major
structural protein (CP) constituting the next most abun-
dant level. The large differences in the amounts of other
sgRNAs are not strictly related to position in the genome.
The highest produced sgRNAs are those at positions 1
(p23), 2 (p20), and 5 (CP) from the 39 terminus, while
those at positions 3 (p13) and 4 (p18) are produced at low
levels. An interesting observation is that the sequences
upstream of the most highly expressed ORFs of CTV are
noncoding (NCR), whereas the sequences 59 of the less
expressed ORFs overlap the upstream ORFs (Pappu et
al., 1994). However, this correlation does not hold for the
related closterovirus, Beet yellows virus (BYV) (Hagiwara
et al., 1999).
Several models have been proposed for the synthesis
of viral sgRNAs. Synthesis of positive-stranded sgRNAs
by internal initiation from a specific promoter sequence
on the genome-length negative-strand templates has
been unequivocally demonstrated in vitro and in vivo for
several positive-stranded RNA viruses (Miller et al., 1985;
Gargouri et al., 1989; van der Kuyl et al., 1990; Wang and
C
rSimon, 1997; Adkins et al., 1997). In general, contiguous
equences upstream of the ORF control production of
gRNAs (Marsh et al., 1988; French and Ahlquist,1988;
an der Kuyl et al., 1990; Boccard and Baulcombe, 1993;
ohnston and Rochon, 1996; van der Vossen et al., 1995;
avriev et al., 1996; Wang and Simon, 1997; Wang et al.,
999; Koev et al., 1999; Grdzelishvili et al., 2000). Other
iruses appear to first make negative-stranded sgRNAs
y initiation at the 39 terminus of the positive-stranded
NA template followed by internal termination to serve
s templates for replication of positive-stranded sgRNAs,
s suggested for the multiple sgRNAs of Nidovirales
Sethna et al., 1989; Sawicki and Sawicki, 1990, 1998;
awicki et al., 2001) and the Red clover necrotic mosaic
virus coat protein sgRNA (Sit et al., 1998). Although there
s support for this hypothesis in Nidovirales (Sethna et
al., 1989; Sawicki and Sawicki, 1990; van Marle et al.,
1999), there continues to be controversy (An et al., 1998;
Mizutani et al., 2000). Recently, it was shown that muta-
tion of the 59-terminal nt of the sgRNA of Flock house
virus resulted in only negative-stranded sgRNA produc-
tion, suggesting that the template sgRNA is produced by
termination rather than by promotion (Price et al., 2000).
The sgRNAs of CTV consist of substantial amounts of
both negative and positive strands. We do not know
whether positive-strands are produced by internal pro-
motion from the genomic negative strand, or negative
strands are produced by termination when copying the
genomic positive strand from its 39 terminus. Thus, we
refer to the sequences involved in production of sgRNAs
as “controller elements” instead of promoters. As a first
step toward understanding the nature of production of
the myriad of sgRNAs of CTV, we examined the synthesis
of sgRNAs of two types of genes, the highly expressed
major coat protein gene which has a 93 nt NCR 59 of the
RF, and the intermediately expressed minor coat pro-
ein (CPm) gene, whose 59 end ORF overlaps the 39 part
f the upstream p61 ORF. The boundaries of the cis-
cting elements controlling production of these sgRNAs
ere delineated and potential structures were predicted
nd examined. Both controller elements resulted in pro-
uction of three different sgRNAs: 39-terminal sgRNAs of
oth positive and negative polarities and a 59-terminal
ositive-stranded sgRNA.
RESULTS
evelopment of a CTV replicon for examination of
gRNA synthesis
Wild-type CTV produces nine distinguishable sgRNAs
orresponding to the ten 39 genes (Fig. 1, CTV9). If the p6
nd HSP70h ORFs were expressed from different
gRNAs, they are not resolved in the Northern hybridiza-
ion analysis (Fig. 1B, CTV9, first lane, sgRNA No. 2). The
Pm and CP sgRNAs are indicated as Nos. 4 and 5,
espectively.
(1); ne
are lab
136 GOWDA ET AL.Examination of the control elements for production of
sgRNAs from the full-length virus is problematic for sev-
eral reasons. First, mutagenesis of one controller ele-
ment makes it difficult to distinguish its specific sgRNA
from the other eight, particularly if the mutagenesis
changes the size of that mRNA. Second, because of the
size and scarcity of usable endonuclease restriction
sites, creation of specific mutations in the 20-kb genome
FIG. 1. (A) Schematic representation of the genomes of CTV 9, CTV-DC
numbers shown at the top of the genome and the subgenomic (sg) RN
relative to the CTV genome are indicated by solid thick lines. (B) North
RNA CTV9, CTV-DCla, or CTV-DCla333 at 3 and 4 dpi. The North
digoxigenin-labeled RNA probes. Positive-stranded RNAs indicated by
positions of the genomic RNA (g) and sgRNAs. The sgRNAs of CTV9requires several rounds of ligations and transformations
for each construct. Finally, infection of plant protoplastswith RNA is progressively decreased with increasing
size. In general, only about 0.1% or less of the protoplasts
become infected with the full-length transcript (Sat-
yanarayana et al., 2001). However, smaller RNA con-
structs provide more unique cloning sites and result in a
much higher level of infection of protoplasts. A smaller
replicon with most of the 39 genes deleted, CTV-DCla,
replicates efficiently, is simpler to manipulate, and more
CTV-DCla333. The open boxes represent the ORFs with the respective
9) produced below the genome. The positions of the 59 and 39 probes
t analysis of the RNA from the mesophyll protoplasts transfected with
ts were hybridized with 39 900 nt positive- or negative-stranded,
gative-stranded RNAs indicated by (2). The arrowheads indicate the
eled 1–9.la, and
As (1–
ern blo
ern bloefficiently infects protoplasts (Satyanarayana et al., 1999,
2001). However, this mutant produces a chimeric sgRNA
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137CTV sgRNA CONTROLLER ELEMENTS PRODUCE sgRNAsthat includes portions of the p33 and p23 ORFs (Fig. 1,
CTV-DCla). To avoid confusion with this chimeric sgRNA,
we created another CTV replicon, CTV-DCla333, which
did not produce any sgRNA, by deleting the intergenic
NCR and the remainder of the p33 ORF from CTV-DCla
(Fig. 1A, CTV-DCla333). Unique restriction endonuclease
sites (XhoI, PstI, StuI, and ClaI) were engineered into the
eletion site to facilitate insertion of DNA fragments.
otal nucleic acids isolated from protoplasts transfected
ith the transcripts were analyzed by Northern blot hy-
ridization using 39 positive- and negative-stranded
NA-specific riboprobes to the 39 900 nts of the CTV
enome. CTV-DCla333 replicated efficiently and pro-
uced genomic positive- and negative-stranded RNA, but
o 39-terminal sgRNA (Fig. 1B, CTV-DCla333).
For convenience, we will refer to the sgRNA termini in
erms of the genomic RNA. Thus we will refer to nega-
ive-stranded sgRNAs complementary to the 39 end of
he genome as 39 coterminal even though that end is
heir 59 terminus.
roduction of the coat protein sgRNAs
The two ORFs, of the minor (CPm; p27) and major (CP;
25) coat protein, are organized in tandem in the CTV
enome separated by an NCR of 93 nts (Fig. 2A). To
elineate the sequences involved in producing the CP
gRNA, we generated CTV-DCla333p25 by ligating into
TV-DCla333 a PCR amplified region of the CTV genome
nts 15,898–16,826) that contained the 39 end of the CPm
RF, the NCR, plus the CP ORF (Fig. 2A). Protoplasts
FIG. 2. Analysis of the synthesis of the CP sgRNA. (A) Schematic rep
CPm, CP, and p18 ORFs. The start and the stop codons of CPm and C
respective nucleotide numbers in the genome. (B) Northern blot hybridi
blots were hybridized with positive- or negative-strand specific ribopro
g) and sgRNAs.ere inoculated with in vitro RNA transcripts and accu-
ulation of CP sgRNA was determined by Northern blot
p
aybridizations using the 39 positive- or negative-strand-
pecific RNA probe. CTV-DCla333p25 produced both
ositive- and negative-stranded genomic and sgRNAs
Fig. 2B). The larger sgRNA was approximately 1600 nts,
orresponding to the size expected for the CP sgRNA.
hese results suggested that the sequences required for
P sgRNA synthesis were located within the inserted
egion. The smaller sgRNA was produced from se-
uences that control production of the p18 sgRNA, lo-
ated in the 39 end of the CP ORF. To avoid confusion
ith the second sgRNA (p18/p23 chimeric RNA), the
utants constructed for further examination of the CP
gRNA production were truncated at nt 16,634, inside the
P ORF, to produce only the single CP sgRNA (Fig. 2A).
apping the boundaries of the CP sgRNA controller
lement
The 59 end (11) of the CP sgRNA has been mapped to
he adenosine residue at position 16,118 of the positive-
tranded genomic RNA (Ayllo´n et al., 2000), 37 nts 59 of
he CP ORF. To determine the 59 boundary of the CP
gRNA controller, a series of DNA fragments with differ-
nt 59 termini and a 39 terminus at nt 16,634 was inserted
nto CTV-DCla333 to generate mutants M1–M5 (Fig. 3A).
he 59 boundaries in these insertions were at positions
220, 2104, 272, 247, and 18, with reference to the
ranscription start site (11). In vitro produced RNA tran-
cripts of the mutants were used to inoculate Nicotiana
enthamiana protoplasts and examined for their ability to
eplicate and produce CP sgRNA. Extracted RNA sam-
tion of a portion of the CTV genome showing the arrangement of p61,
s are indicated by directional arrows and the numbers represent the
f the RNA from the protoplasts transfected with CTV-DCla333p25. The
the 39 900 nts. Arrowheads indicate the positions of the genomic RNAresenta
P ORF
zation oles were analyzed by Northern blot hybridization using
39 positive- or negative-strand-specific riboprobe. All
138 GOWDA ET AL.the mutants replicated in protoplasts produced both pos-
itive- and negative-stranded genomic and sgRNAs with
FIG. 3. Delineation of the boundaries of the CP sgRNA controller
element. (A) Schematic diagram showing the 59 and 39 boundaries of
the fragments containing the 39 portion of CPm, the intergenic region
between CPm and CP ORFs, and the 59 region of CP ORF in mutants
M1–M9. The numbers represent the 59 and 39 boundaries with refer-
ence to the position in the genome and the numbers in parentheses
indicate position with reference to the transcription start site (11),
indicated by a long upward arrow. (B) Northern blot analysis of the total
RNA isolated from the protoplasts transfected with the mutants M1–M9
at 3 and 4 dpi. The blots were hybridized with 39 positive- or negative-
sense riboprobes. The dotted lines represent the deleted region. The
asterisks represent the incomplete denaturation products of the
sgRNAs. The positions of the genomic RNA (g) and sgRNAs are
represented by arrowheads.the exception of M5, which produced no sgRNA (Fig. 3B).
Thus, the 59 boundary of the fully active CP sgRNAcontroller element mapped to approximately 47 nts (nt
16,071 of the genome) upstream of the 11 site.
Another set of mutants, M6–M9, that contained a con-
stant 59 terminus (nt 15,898) and different 39 termini was
generated in CTV-DCla333 (Fig. 3A). The 39 boundaries
in these mutants were at 29, 18, 151, and 1127 with
reference to the 11 site. All of these mutants replicated
and produced the sgRNA except M6 (Fig. 3B). Thus, the
39 boundary of the CP sgRNA controller mapped be-
tween positions 29 and 18 (nts 16,109 and 16,125 of the
genome) with reference to the 11 site. Further increases
in the size of the region did not increase levels of sgRNA
synthesis (Fig. 3B). These results suggested that the fully
active CP sgRNA controller element resided entirely in-
side the NCR between nts 16,071–16,125.
In the previous experiment, the mutant that contained
the 55 nt region, between positions 247 to 18, produced
high levels of both positive- and negative-stranded CP
sgRNAs. To examine whether sequences near the 11
position were essential for production of either strand of
the CP sgRNA, we engineered a series of mutants, M10–
M13, that contained controller element sequences to nts
16,121 (14), 16,118 (11), 16,117 (21), and 16,113 (25),
respectively, and compared them to M7 (18) and M6
(29) (Figs. 4A and 4B). All of these mutants contained a
constant 59 end of the controller element (nt 15,898,
2220 in relation to the 11 site). Mutants M7 and M10–
M13 replicated and produced both positive- and nega-
tive-sense sgRNA, suggesting that the 11 start site at nt
16,118 was not required for production of the CP sgRNA.
However, the insertion that was reduced to the 25 po-
sition, M13, resulted in a reduction in the production of
both plus and minus polarity sgRNAs and further deletion
to the 29 position (M6) resulted in the production of no
sgRNA (Fig. 4C). Thus, the minimal sgRNA controller
element of the CP gene was estimated to reside be-
tween positions 247 to 25. A region of 43 nts or less
was sufficient to control production of the CP sgRNA.
Examination of the predicted secondary structure of
the CP sgRNA controller element
We next examined the primary and predicted second-
ary structure of this region. A comparison of sequence
from different strains of CTV demonstrated a high degree
of conserved primary structure (Fig. 5A). Sequence from
the beginning of the NCR to the transcription initiation
site (57 nts) was folded using MFOLD (Zuker, 1989) to
allow examination of a putative secondary structure. Be-
cause we could not distinguish between promotion (on
the genomic negative-strand) and termination (on the
genomic positive-strand), we allowed the program to
predict secondary structures of both positive- and neg-
ative-sense sequences of the CP sgRNA controller ele-
ment. Both orientations were predicted to fold into two
stem-loop structures with free energies near 215 kcal/
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139CTV sgRNA CONTROLLER ELEMENTS PRODUCE sgRNAsmol (Fig. 5B). The corresponding sequences of other
strains of CTV folded into similar structures. We desig-
nated the stem-loop structures as SL1 (located between
nts 16,071–16,092) and SL2 (located between nts 16,097–
16,117 based on the sequence of the positive-strand). To
examine biological significance of the predicted second-
FIG. 4. Mutational analysis of CP sgRNA controller element. (A) Sch
engths of the intergenic region between CPm and CP ORFs. The numb
umbers in the parentheses indicate their position with reference to
djacent to the deletions showing the juxtaposition of the sequence of
he numbers 15,898, 16,071, 16,118, and 19,296 indicate the start of 39
ite, and the 39 end of the 39 NTR in the mutants, respectively. The stop
CTV-DCla333 between XhoI and StuI restriction sites (see Materials a
nd and the three nucleotides, CCU, of StuI restriction site in the 39 en
ortion of the p23 ORF present in CTV-DCla333. (C) Northern blot hybr
he transcripts from mutants M6, M7, and M10–M13. Details of hybridiz
epresent the incomplete denaturation products of the sgRNAs. The aary structures, we created a series of mutants designed
to disrupt the predicted structure (Fig. 5C). The mutationsincluded the deletion of the entire SL1 (nts
16,071–16,092; M14), deletion of one complement of the
stem of SL1 (nts 16,071–16,077; M15), change of the stem
of SL1 to nonviral sequences (GGACGGU to CACAUUC;
M18) that disrupted the secondary structure, deletion of
the loop region of SL1 (nts 16,078–16,085; M16), and
outline of the mutants containing the 39 portion of CPm and varying
resent the 39 boundary of the intergenic region in the mutants and the
site (long upward arrow). (B) The nucleotide sequence of the region
ergenic region and 39 region of the p23 ORF present in CTV-DCla333.
of CPm ORF, the start of the intergenic region, the transcription start
, UGA, of ORF1a/1b is shown in bold. The mutations were cloned into
thods), which resulted in the retention of XhoI restriction site in the 59
ting the deletion. The ClaI restriction site represents the 59 end of the
n analysis of the total RNA isolated from protoplasts transfected with
nd the probes used are outlined in the legend for Fig. 1. The asterisks
ads indicate the position of the genomic RNA (g) and sgRNAs.ematic
ers rep
the 11
the int
portion
codon
nd Me
d abut
idizatiodeletion of the opposite half of the stem of SL1 (nts
16,086–16,092; M17) (Fig. 5C). These changes were pre-
orthern
ns of th
140 GOWDA ET AL.dicted to destroy the secondary structure of SL1 without
affecting SL2 (data not shown). The mutant, M14, with the
FIG. 5. (A) The alignment of the controller elements of different CTV
the genome. The asterisks represent the conserved nucleotide present
strands of the CP controller element using MFOLD (Zuker, 1989). (C) N
blank spaces and nonviral nucleotides as underlined italics. The positi
11 site and its nucleotide number, 16,118, is also indicated. (D) The N
protoplasts were performed as outlined in the legend of Fig. 1. Positiodeletion of the entire SL1 replicated but failed to produce
the sgRNA, suggesting a requirement for sequences ofSL1 for sgRNA synthesis. However, all of the other mu-
tants that were expected to disrupt the SL1 replicated
s. The numbers on the right indicate the position of the nucleotide in
e isolates. (B) The putative secondary structures of the plus and minus
de sequence in the areas adjacent to the mutations with deletions as
L1 and SL2 are indicated at the top as solid lines. The position of the
blot hybridization analysis of the RNA isolated 3 and 4 dpi from the
e genomic RNA (g) and sgRNAs are indicated by arrowheads.isolate
in all th
ucleoti
ons of Sand produced both positive- and negative-sense sgRNAs
(Fig. 5D, M15–M18). These results suggested that the
d sgRN
MFOLD
141CTV sgRNA CONTROLLER ELEMENTS PRODUCE sgRNAsSL1 area was necessary, but allowed considerable mu-
tation with retention of function. The mutations did not
support the involvement of the putative secondary struc-
ture (SL1) as critical for the synthesis of the CP sgRNA.
Similarly, mutations in SL2 region included deletion of
the entire stem loop (nts 16,097–16,117; M19), deletion of
the loop (nts 16,104–16,112; M20), change of the stem to
nonviral sequences (nts 16,097–16,100, AGCG to UCAU;
M21) to alter the secondary structure, and a compensa-
tory change with nonviral sequences in the opposite half
of the stem (M22) (Fig. 5C) to restore the stem structure.
All of these mutants replicated but failed to produce the
FIG. 6. (A) Schematic representation of the mutants M23–M29 showi
(B) The Northern blot analysis of the total RNA isolated from protoplasts
or negative-strand-specific probes. Positions of the genomic RNA (g) an
of the positive- and negative-sense CPm controller element using theCP sgRNAs (Fig. 5D, M19–M22). These data suggest that
the primary sequence, and perhaps additional second-ary structure, of SL2 were critical for CP sgRNA produc-
tion. None of these mutations within the controller ele-
ment uncoupled positive- and negative-sense sgRNA
synthesis.
Examination of the CPm sgRNA controller element
To examine sequences involved in production of the
CPm sgRNA, we engineered sequences from the 39
region of p61 ORF and all of CPm ORF (nts 15,046–
16,061) into CTV-D Cla333 to generate M23 (Fig. 6A).
Subsequently, we used this clone to generate a series of
9 and 59 coordinates of the boundaries of the CPm controller element.
cted with mutants M23–M29 at 3 and 4 dpi hybridized with 39 positive-
As are indicated by arrowheads. (C) The predicted secondary structure
program.ng the 3
transfemutants to map the boundaries of the CPm sgRNA con-
troller element (Fig. 6A). The 59 boundaries of the mu-
142 GOWDA ET AL.
143CTV sgRNA CONTROLLER ELEMENTS PRODUCE sgRNAstants were represented by their distance from the trans-
lation start site of CPm ORF, because its transcription
start site has not been determined despite several at-
tempts to map it. The 59 boundaries in mutants M23–M26
were 293, 222, 117, and 57 nts upstream of the translation
start site, respectively, with a constant 39 boundary at nt
16,061. All of these mutants replicated and accumulated
both positive- and negative-sense genomic and sgRNAs
except M26, which failed to produce the sgRNA (Fig. 6B).
Mutants M27, M28, and M29 were created to contain a
constant 59 terminus (nt 15,046) and variable 39 termini at
nts 15,278, 15,327, or 15,368, respectively. Each of these
mutants produced both positive- and negative-stranded
CPm sgRNAs (Fig. 6B). These results suggest that the
controller element for CPm sgRNA synthesis was lo-
FIG. 7. Schematic outline of the mutants with inverted sgRNA con-
troller elements of CP (A), CPm (C), p20/23 (E), and CTVR27-20 (G). The
direction of the arrows indicate the orientation of the controller ele-
ments. The wavy lines below the schematic diagram of the mutants in
E represent the expected sgRNAs that were observed in the Northern
hybridization analysis shown in F. The solid lines below the schematic
diagram G represent the expected minus-sense sgRNAs. B, D, F, and H
are results of Northern blot analysis of the RNA from protoplasts
transfected with mutants represented in A, C, E, and G, respectively.
Digoxigenin-labeled 39 positive- and negative-strand-specific ribo-
probes were used for hybridizations. Asterisks represent the negative
sgRNAs produced as a result of inverted controller elements and the
arrowheads indicate the positions of the genomic RNA (g) and sgRNAs.cated between nts 15,222 and 15,278, a 57 nt region
located entirely within the upstream p61 ORF. This regionwas 60 nt upstream of the translation start site. As with
the CP sgRNA mutants, all of the CPm mutants that
produced one polarity of the CPm sgRNA produced both.
The Zuker folding program predicted a two stem-loop
structure for the CPm controller element (Fig. 6C), but the
orientation of the longer loop was the inverse of that of
the CP region (Fig. 5).
Inversion of the sgRNA controller element
Previously, we found that inversion of the Tobacco
Mosaic Virus (TMV) CP sgRNA promoter region in TMV
was a lethal mutation (S. Chapman, D. Lewandowski,
and W. Dawson, unpublished data). In an attempt to
determine whether the CTV controller element had fea-
tures similar to that of a known alpha-like virus sgRNA
promoter, we inverted the CTV CP sgRNA controller
element of mutant M1 (nts 15,898–16,634) creating mu-
tant M30 (Fig. 7A). In contrast to TMV, the CTV mutant
with the reversed controller element (M30) replicated
similarly to the mutant with the CP sgRNA controller
element in normal orientation (M1), but unexpectedly
produced a negative-stranded sgRNA (Fig. 7B). The pres-
ence of a positive-stranded sgRNA was not apparent,
even after longer exposures of the Northern blot to film
(Fig. 7B).
To examine whether production of only a negative-
stranded sgRNA was unique to the CP sgRNA controller,
we inserted reversed regions containing other controller
elements. We reversed the CPm controller element to-
gether with a part of the 39 end of p61 ORF (nt 15,046–
16,061) (Fig. 7C; mutant M31). This mutant, M31, also
produced only the negative-stranded sgRNA with no ev-
idence of a corresponding positive-stranded sgRNA (Fig.
7D). We next compared CTVp20/p23 (Fig. 7E), which
produced two sgRNAs in both polarities, to mutants with
one controller element reversed. The first contained an
inversion of sequences predicted to contain the p20
controller element (the 59 portion of the p20 ORF and
sequences 59 of the ORF) (CTVpR20/23; Fig. 7E), leaving
the putative p23 sgRNA controller element intact. The
reciprocal mutant, CTVp20/R23, contained an inverted
p23 sgRNA controller element (the inverted regions con-
tained 39 part of p20 ORF, intergenic region between p20
and p23 ORFs and the 59 part of p23 ORF as outlined in
Fig. 7E) and an intact p20 sgRNA controller element (Fig.
7E). CTVpR20/23 produced both positive- and negative-
sense sgRNAs for the native p23 gene but only the
negative-sense sgRNA for the p20 gene (Fig. 7F, indi-
cated by asterisk). Similarly, the mutant CTVp20/R23 pro-
duced both positive- and negative-stranded sgRNAs for
the p20 gene, but only a negative-stranded sgRNA (indi-
cated by asterisk) from the reversed p23 controller ele-
ment (Fig. 7F). These results suggested that the p20 and
p23 sgRNA controller elements terminated transcription
of the negative-stranded RNA synthesis when present in
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144 GOWDA ET AL.inverse orientation similar to that of the inverted CP and
CPm sgRNA controller elements.
We then created CTVR27-20 (Fig. 7G), which contained
the CPm, CP, p18, p13, and p20 genes inserted in reverse
orientation in CTV-DCla333. CTVR27-20 replicated effi-
ciently in N. benthamiana protoplasts and produced four
egative-stranded sgRNAs (Fig. 7H) with amounts gen-
rally correlated with the amounts of sgRNAs made by
he controller elements in normal orientation. The nega-
ive-stranded sgRNAs produced by CTVR27-20 (Fig. 7H,
ands a, b, c, and d) correspond to the normal production
f sgRNAs in the wild-type virus, CTV 9 (bands 5, 6, 7, and
, respectively). No corresponding positive-stranded
gRNAs were detected.
To examine whether the production of the CP sgRNA
when present in the native orientation) was correlated
ith the production of the minus strand when the con-
roller element was inverted, we inverted controller ele-
ents which were differential for sgRNA synthesis (Fig.
A) to produce M31–M34 (Fig. 8A). All the mutants rep-
icated in protoplasts and produced a negative-sense
gRNA except M34 (Fig. 8B), whose inverted controller
FIG. 8. (A) Schematic representation of the mutants M30–M34 with v
arrows) in CTV-DCla333. The vertical arrow denotes position of the
controller elements. (B) Northern blot analysis of total RNA isolated
hybridized with the 39 positive- or negative-strand-specific riboprobes.lement failed to produce a CP sgRNA in normal orien-
ation (M6, Fig. 3). These results suggest that the abilityto produce the CP sgRNA correlated with the ability to
terminate RNA synthesis from the other direction. Similar
results were obtained when CPm controller elements
were inserted backward in CTV-DCla333 (data not
shown).
Production of 59-terminal sgRNAs by the controller
elements
If the CTV sgRNA controller elements terminated syn-
thesis of the minus-strand when inserted in the inverse
orientation, does that suggest that they terminate posi-
tive-stranded RNA synthesis in the normal orientation?
To examine this possibility we reexamined CTV-DCla333,
which produces no sgRNA compared to some of the
mutants that contained the CP sgRNA controller ele-
ments, M1, M3, and M5 (Fig. 3), using riboprobes specific
for 59 positive- or negative-stranded RNA (nts 1–600). The
production of 59-terminal sgRNAs were observed with
mutants M1 and M3, the two mutants with a functional
CP sgRNA controller element, but not with mutant M5
which did not have a functional controller element (Fig.
lengths of the CP controller elements in reverse orientation (horizontal
ption start site and the inverted numbers represent the ends of the
e protoplasts transfected with mutants M30–M34 at 3 or 4 dpi and
n of the genomic RNA (g) and sgRNA are indicated by arrowheads.arious
transcri9A). The largest RNA is the genomic RNA which reacts
with both 59 and 39 terminal probes, while the slightly
145CTV sgRNA CONTROLLER ELEMENTS PRODUCE sgRNAsFIG. 9. Analysis of 59-terminal sgRNAs. (A) Northern blot analyses of RNA extracted from protoplasts transfected with mutants M1, M3, M5, M23,
and M26, 4 dpi, and probed with positive- or negative-strand-specific riboprobes to nts 1–600. CTV-DCla333 and mutants M1, M3, M5, M23, and M26
are depicted in Figs. 1, 3, and 6. Positions of genomic RNA (g) and 59-terminal sgRNA are indicated, while the ;800 nt 59-terminal RNA is indicated
by an arrowhead. (B) Diagram of deletion mutants with multiple sgRNA controller elements. Schematic outline of the CTV genome showing the ORFs
(numbered 1–11). Dotted lines represent deleted regions. (C) Northern blot analysis of the total RNA isolated from the protoplasts 4 dpi transfected
with the mutants g–j. Positions of the genomic and 59-terminal RNAs are indicated by a bracket and the location of the small 59-terminal RNA is
indicated by an arrowhead. To the right in C, the top portion of the Northern blot is enlarged to show more clearly the genomic and 59-terminal sgRNAs.
l
p
n
s
T
w
o
C
l
M
t
i
s
s
s
c
s
t
t
N
s
w
l
3
B
h
s
t
b
t
i
i
v
m
v
(
d
i
v
v
146 GOWDA ET AL.smaller RNA was detected by the 59 positive-stranded
RNA-specific hybridization probe (Fig. 9A), but not the 39
positive-stranded RNA-specific probe (Fig. 3). Neither
mutant produced a 59-terminal negative-stranded
sgRNA. All mutants produced a small positive-stranded
sgRNA of approximately 780 nts that has been described
previously (Mawassi et al., 1995; Che et al., 2001). Simi-
arly, the RNAs from protoplasts infected with M23 that
roduced CPm sgRNA, and another mutant M26 that did
ot produce sgRNA (Fig. 6), were hybridized with the
trand-specific probes to the 59-terminal region (Fig. 9A).
he genomic RNA was observed with both mutants,
hile the smaller, truncated, positive-stranded RNA was
bserved only with mutant M23 (Fig. 9A). The amount of
Pm 59-terminal sgRNA relative to the genomic RNA was
ess than that produced by the CP control region. Mutant
-26 did not produce a 59 terminal sgRNA. Thus, 59-
erminal sgRNA production was correlated with the abil-
ty of the controller elements to produce 39-terminal
gRNAs, and the levels of production of the 59-terminal
gRNA was correlated with the amount of 39-terminal
gRNA.
If termination of positive-stranded RNA synthesis oc-
urs at all sgRNA controller elements, the wild-type virus
hould produce 9–10 such 59-terminal sgRNAs. However,
heir large sizes and the small differences from that of
he genomic RNA did not allow their resolution during
orthern blot hybridization analyses (data not pre-
ented). Therefore, we examined a series of mutants
ith large deletions, but leaving several sgRNA control-
er elements to compare the 59-terminal sgRNAs to the
9-terminal sgRNAs produced by each mutant (Fig. 9B).
ecause some of the sgRNAs differed only by a few
undred nucleotides (as in CTVp18/13), some 59-terminal
gRNAs failed to resolve clearly. However, distinct 59-
erminal sgRNAs generally corresponded with the num-
er of 39-terminal sgRNA that were observed, suggesting
hat all of the sgRNA controller elements terminate pos-
tive-stranded RNA synthesis from the 59 end as they
nduce synthesis of 39-terminal sgRNAs (Fig. 9C).
DISCUSSION
CTV is among the more complex of the large RNA
iruses with multiple 39-terminal sgRNAs that serve as
essengers for the 10 genes within the 39 portion of the
genomic RNA. Based on sgRNA accumulation, the 39
genes of CTV appear to be highly regulated. The highly
expressed genes have sequences upstream of the ORFs
that appear to be dedicated to the expression of those
genes, while the less expressed genes have ORFs ad-
jacent to or overlapping the upstream ORF. We compared
a representative of each group, the highly expressed CP
gene with an upstream NCR and the intermediately ex-
pressed CPm gene without an upstream NCR. Both con-
trolling elements were located upstream of the con-trolled ORFs. The CP sgRNA controller element resided
within a 43 nt region, completely within the NCR, while
the CPm sgRNA controller element was mapped to
within an 57 nt region located within the upstream ORF.
The positions and sizes of the CTV sgRNA controller
elements appeared to be similar to those of members of
the alphavirus supergroup. The alpha-like virus promot-
ers that have been mapped vary in length from as little as
24 nts to as large as more than 100 nts, usually with the
majority of the sequences positioned 59 of the controlled
ORF (Miller and Koev, 2000).
Sequences 39 of the transcription start (11) (or termi-
nation) site did not influence sgRNA production of the CP
sgRNA, and probably not that of CPm. In fact, a major
difference between CTV and the alpha-like virus sgRNA
promoters is that the nucleotides around the transcrip-
tion start site appear to be less important for CTV. Se-
quences immediately 39 of the 11 site are essential for
the optimal synthesis of many alpha-like virus sgRNAs,
including Brome mosaic virus (French and Ahlquist,
1988), Sindbis virus (Levis et al., 1990), Cucumber mosaic
virus (Boccard and Baulcombe, 1993), Alfalfa mosaic vi-
rus (van der Vossen et al., 1995), Cucumber necrosis
irus (Johnston and Rochon, 1996), Turnip crinkle virus
Wang and Simon, 1997, Wang et al., 1999), Barley yellow
warf virus sgRNA1 (Koev et al., 1999), and TMV (Grdzel-
shvili et al., 2000). Modification of the 11 nt of alpha-like
irus promoters is generally lethal to sgRNA synthesis in
ivo and greatly decreases production in vitro (Marsh et
al., 1991; van der Vossen et al., 1995; Siegel et al., 1997;
Adkins et al., 1998; Stawicki and Kao, 1999) and can be a
tool for confirming the transcription start site (Grdzelish-
vili et al., 2000). In contrast, deletion of the 11 nt or even
all the surrounding nucleotides had little effect on CTV
sgRNA synthesis.
The RNA secondary structures are thought to interact
with viral replicases to direct sgRNA synthesis for nu-
merous alpha-like viruses (Buck, 1996; Miller and Koev,
2000; Song and Simon, 1995; Hayes and Buck, 1990;
Koev et al., 1999; Chen et al., 2000). The comparison of
sequences of the CP and CPm controller elements to
those of other CTV strains revealed near identity in con-
trast to less similarity in surrounding areas, suggesting
that the CTV replicase might interact with primary struc-
tures. However, the corresponding sequences of BYV, a
closterovirus whose controller elements functioned
when inserted into CTV (Ayllo´n et al., unpublished data),
are not similar to CTV, whereas the predicted secondary
structures appear more related. Similarly, the Beet yellow
stunt virus CP controller element functions when in-
serted into BYV, even though their controller sequences
differ substantially (Peremyslov et al., 1999). These data
suggest that secondary rather than primary structure
might be recognized by the closterovirus replicase. The
controller elements for CP and CPm sgRNAs were pre-
dicted to fold into two stem loops similar to the structure
147CTV sgRNA CONTROLLER ELEMENTS PRODUCE sgRNAspreviously demonstrated for the 59 nontranslated region
of the genomic RNA, which retains the same folding
pattern when sequences of this region from different
CTV strains that differ dramatically, by up to 50%, were
compared (Lo´pez et al., 1998), and mutagenesis to dis-
rupt and reconstruct the structures support their func-
tionality (Gowda et al., unpublished data). However, mu-
tation analysis of the CP sgRNA controller element did
not support a role for these putative secondary struc-
tures, suggesting more importance for the primary struc-
ture or that the computer gave us the wrong secondary
structure. Yet, when the sequence of the CTV CP con-
troller element is compared to the CPm controller ele-
ment, there is little sequence similarity. There also is little
sequence or predicted structure similarity between the
coat protein controller elements and those of the seven
or eight other controller elements of CTV. Clearly, our
understanding is far too limited to distinguish differences
between controller elements to account for the different
levels of sgRNAs.
In contrast to expectations, each controller element
produced not only large amounts of the positive-
stranded mRNA, but similar amounts of the complemen-
tary negative-stranded sgRNAs. Is one of the sgRNAs
transcribed from the other? Which is produced from the
full-length positive- or negative-stranded RNA? One way
to examine whether the controller element functioned as
a promoter or as a terminator was to insert it backwards
into the genome. If the controller element worked in
reverse and produced a 59-terminal sgRNA, this process
might prevent replication or transcription from the sgRNA
and allow the identification of which strand was pro-
duced directly from the genomic RNA. Thus, if it func-
tioned as a promoter when inserted backward, it would
produce a negative-sense sgRNA extending to the 59
terminus of the genome. If it functioned as a terminator,
it would produce a 59-terminal positive-stranded sgRNA.
We detected neither. The lack of detection of promoter
function could be due to reduced activity because of the
increased distance (11 kb) from the end of the RNA.
Similar to TMV (Culver et al., 1993), the amount of CTV
sgRNA synthesis is correlated with proximity to the 39
terminus. For example, the p33 mRNA is one of the
lowest produced sgRNAs in its normal position (Fig. 1B,
CTV9, sgRNA 1), but when the p33 controller element
was positioned near the 39 terminus, it was produced at
much higher levels (Satyanarayana et al., 1999; Fig. 1B,
CTV-DCla, sgRNA). In contrast, we should have been
able to detect termination as was seen when the con-
troller element was in normal orientation.
The surprising observation from reversing the control-
ler elements was that they appear to terminate RNA
synthesis from the opposite direction; that is, we were
expecting a possible termination from the 59 end of the
genome, but instead observed a termination from the 39
end. Additionally, these new 39-terminal negative-stranded sgRNAs differed from the native 39-terminal
sgRNAs by lacking complementary positive-stranded
sgRNAs. If the controller element functioned similarly in
its native orientation, it should make a 59-terminal
sgRNA. When we reexamined the controller elements in
their normal orientation, that is what we found. A similar
phenomenon previously was demonstrated for Sindbis
virus (Wielgosz and Huang, 1997). They observed a 59-
terminal sgRNA, which terminated near the sgRNA pro-
moter site that was correlated with the amounts of pro-
moter activity. Introduction of additional sg promoters
produced additional corresponding 59-coterminal
sgRNAs (Wielgosz and Huang, 1997). However, CTV pro-
duced much greater amounts of 59-terminal sgRNAs than
did Sindbis virus.
It previously was shown that CTV produces very large
amounts of a small (approximately 800 nts) 59-terminal
sgRNA, apparently by termination during synthesis of
genomic positive-strand (Mawassi et al., 1995; Che et al.,
2001). This population of small 59-terminal sgRNAs has
no corresponding negative-stranded complement. A
larger 59-terminal sgRNA in much lower abundance also
was found. Based on its size, it corresponds to termina-
tion at the p33 controller element. The large 59-terminal
sgRNAs and the small 59-terminal sgRNAs have hetero-
geneous 39 termini, suggesting that the termination is not
precise, but both were coterminal with the 59 end of the
genomic RNA (Che et al., 2001). Although we did not
sequence the termini of the 59-terminal sgRNAs, these
data suggest that they are likely coterminal with the
genomic RNA. Thus, CTV apparently produces ten or
eleven 59-terminal sgRNAs, one for each sgRNA control-
ler element plus the highly abundant ;800 nt 59-terminal
sgRNA (Fig. 10A). Therefore the major question is
whether these 59-terminal sgRNAs are functional. It ap-
pears unlikely that these truncated RNAs, without the
normal 39 terminus, would serve as mRNAs. What other
function could these RNAs serve? It is possible that they
are nonfunctional. Viruses use different strategies to
express multiple genes from a single RNA to override the
rules of the host. Breaking the rules sometimes comes at
a cost. For example, the cost of production of multiple
functional proteins from a polyprotein is that production
of hundreds of coat proteins per virion RNA requires
production of a large excess of replicase proteins. It has
been shown that a rate-limiting step in RNA synthesis is
initiation (Sun and Kao, 1997a,b). If the replicase complex
sits on the controlling elements for a period of time, it
perhaps gets in the way of the progressing replicase
complex and causes it to fall off with an uncompleted
RNA. Perhaps this is just a cost of expressing genes
through sgRNAs.
The dilemma of the 59-terminal sgRNAs made by CTV
with the controller elements in normal orientation is the
large amounts of negative-stranded sgRNAs. In the al-
pha-like viruses, sgRNAs are generally thought to be
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148 GOWDA ET AL.produced by internal initiation on the genomic negative
strand (Miller and Koev, 2000). Although small amounts
of corresponding negative- or double-stranded sgRNAs
can be found among these viruses, the sg negative
strands are not thought to be templates for sgRNA syn-
thesis. In contrast, the Closteroviridae, similar to the
FIG. 10. (A) A model showing the outline of different species of geno
cells. The positive-sense RNAs are shown in blue and the negative-sen
plus-sense transcript (blue) and the genomic length minus-sense RN
genomic negative-stranded RNA represent the sgRNA controller elem
genomic and 39- and 59-terminal sgRNAs potentially produced during
generate 59- and 39-terminal positive- and negative-sense sgRNAs with
region is shown for clarity. The wavy blue line represents the transc
orientation (the direction of the arrowheads above the controller eleme
represent the transcription termination (vertical direction, red) or pro
represent the positive-sense 39- and 59-terminal sgRNAs and the solid
dashed lines with arrowheads indicate the potential 59-terminal positioronaviridae, produce much larger amounts of nega-
ive-stranded sgRNAs. The labeling kinetics of coronavi-rus sgRNAs suggest that the sg negative strands are
templates for independent transcription of sgRNAs
(Sawicki and Sawicki, 1990; Baric and Yount, 2000;
Sawicki et al., 2001). Based on the amounts of positive
and negative strands of CTV sgRNAs, it is possible that
a minimal amount of either positive- or negative-stranded
A and 59 and 39 terminal sgRNAs potentially produced in CTV-infected
s are shown in red. The wavy line represents the genomic RNA or the
) produced from the plus-sense RNA. The solid green boxes on the
The solid lines represent the full array of plus- and minus-stranded
tion of CTV. (B, C) Schematic representation of models predicted to
ntroller element present in normal and reverse orientation. One control
ue) containing the control region (green box) in normal and reverse
ate the orientation of the controller element). The thick curved arrows
(horizontal direction, yellow). The solid blue lines with arrowheads
with arrowhead indicates the 39-terminal negative-sense sgRNA. The
)- and negative (red)-sense sgRNAs.mic RN
se RNA
A (red
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149CTV sgRNA CONTROLLER ELEMENTS PRODUCE sgRNAs10B or 10C). The 39-terminus of the negative sgRNA has
an unpaired nucleotide (Karasev et al., 1997) which has
been considered a characteristic of replicative structures
(Collmer and Kaper, 1985). If CTV sgRNAs are primarily
produced by replication or transcription from sgRNA tem-
plates instead of transcription from the genome (promo-
tion), one expectation would be a cis-acting element in
the 59 end of the mRNA (39 of the minus sgRNA) that
would be required for initiation of plus-strand synthesis.
We have been unable to differentiate which polarity of
39-terminal sgRNA is produced directly from the genomic
RNA. We anticipated that mutation of the controller ele-
ment or the adjacent end of the sgRNAs would disrupt
this cis-acting element and uncouple positive- and neg-
ative-stranded sgRNA synthesis, resulting in production
of only one of the RNA strands. However, deletion of
sequences equivalent to the entire 59 end of the mRNA
(the leader plus the CP ORF) still resulted in what ap-
peared to be normal amounts of both polarities of
sgRNAs. We cannot exclude the fact that some of the
mutations that prevented sgRNA production did uncou-
ple the process, but the level of the initial sgRNA was
below our level of detection.
If the amount of termination from the 59 end were
proportional to the level of promotion of a 39-terminal
positive-stranded sgRNA (Fig. 10B), as suggested for
Sindbis virus (Wielgosz and Huang, 1997) and as we
have observed for TMV (data not presented), then the
high levels of termination observed resulting in the 59-
terminal positive-stranded sgRNA suggests that the con-
troller elements are highly active promoters. In fact, the
relative amounts of the 59-terminal sgRNAs were propor-
tional to the amounts of corresponding 39-terminal
sgRNAs. If instead the controller elements (in normal
orientation) act as terminators to produce the 39-terminal
negative-sense sgRNA from the genomic RNA, when
reversed, they should have produced a relatively large
amount of 59-terminal positive-stranded sgRNA. They did
not. This logic argues that this native 39-terminal nega-
tive-stranded sgRNA is not produced by termination, that
the negative strands are produced from mRNA tem-
plates. If so, why is so much negative-stranded sgRNA
produced?
Overall, replication of CTV appears to be even more
complex than previously thought. Besides making
genomic negative-stranded RNAs as templates for am-
plifying progeny positive strands and message for the
replicase proteins, it produces 9 or 10 positive- and
negative-stranded sgRNAs plus their corresponding 59-
terminal sgRNAs, in addition to massive amounts of the
;800 nt 59-terminal sgRNA. This is 30–33 species of
sgRNAs (Fig. 10A). How many are functional? If the 59-
terminal sgRNAs are produced by a replicase complex
trying to make a full-length genomic RNA that collides
with another replication complex attempting to initiate
transcription at a controller element (Fig. 10B), this wouldsuggest that both replication and transcription occur on
the same template. Alternatively, or in addition, the rep-
licase complex would have to pass 10 termination sites
to produce a complement of the genome. In either case,
how does the replicase traverse the entire genome with
10 or 11 controller elements to produce enough progeny
for the virus to survive?
MATERIALS AND METHODS
Plasmid constructions
The full-length cDNA clone of CTV, pCTV9, and the
CTV replicon, pCTV-DCla (Satyanarayana et al., 1999),
were used as the parent plasmids for the construction of
the mutants used in this study. The nucleotide numbering
and sequence of the primers used in this study are
according to Karasev et al. (1995), GenBank Accession
No. NC 001661. To construct pCTV-DCla333, a frag-
ment containing the 39 end of the replicase was ampli-
fied using a negative sense primer, complementary to
nts 10,857–10,829 containing XhoI, PstI, StuI, and ClaI
ites and a positive-sense primer, corresponding to nts
390–9416. The PCR product was digested with restric-
ion enzymes AgeI and ClaI and ligated into similarly
igested pCTV9. This manipulation deleted sequences
etween nts 10,858–18,529. Other mutants were con-
tructed by PCR amplification of DNA fragments using
ets of primers (20–25 nts) containing an XhoI restriction
ndonuclease site and the other to create a blunt end to
rovide insertions as described in the text and figures.
he DNA fragments were cut with XhoI and ligated into
hoI- and StuI-digested pCTV-DCla333. The mutations in
L1 and SL2 were introduced by overlap extension PCR
Ho et al., 1989). A DNA fragment between nts 17,556–
19,296 containing the 39 portion of p13 and extending to
the 39 end of CTV was amplified, digested with PstI and
NotI, and ligated between the similarly digested pCTV-
DCla333 to generate pCTVp20/23. Using pCTVp20/23 as
the parent plasmid, the region between nts 17,416 and
17,946 was inverted and ligated between PstI and MscI
sites to create pCTVpR20/23. Similarly, the region be-
tween nts 18,164 and 18,529 was ligated in inverted
orientation into MscI and ClaI restriction sites to gener-
ate pCTVp20/R23. A pair of primers (plus-sense primer
nts 15,336–15,357 at the start of CPm ORF and a minus-
sense primer nts 18,302–18,294 containing an XhoI re-
striction site at the 59 end) were used to amplify a DNA
fragment containing CPm, CP, p18, p13, and p20 ORFs.
The amplified DNA was digested with XhoI and ligated
into pCTV-DCla333 between the XhoI and StuI restriction
sites to generate pCTVR27-20. The region of the genome
containing CPm-CP, CPm-p18, CPm-p13, and p18-p13
were amplified and ligated into pCTV-DCla333 to gener-
ate pCTVp27-p25, pCTVp27-p18, pCTVp27-p13, and
pCTVp18-p13, respectively.
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150 GOWDA ET AL.Protoplast transfections and Northern blot
hybridization
The procedures of transcription, isolation of N.
enthamiana mesophyll protoplasts, polyethylene glycol
ediated transfections, and subsequent Northern blot
ybridizations were carried out as previously described
Satyanarayana et al., 1999, 2000). At least two indepen-
ent transfections were performed for each experiment.
he 59-terminal 600 nts and the 39-terminal 900 nts were
sed to synthesize positive- and negative-stranded RNA-
pecific riboprobes. Each probe was tested on positive-
r negative-stranded RNA transcripts and found not to
ross react with the same polarity RNA. The selectivity of
he probes also can be seen by the hybridizations in
igs. 7, 8, and 9.
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